This paper proposes a non-radial DEA approach consisting of both a static and a dynamic environmental performance index (EPI) for measuring environmental performance. The static EPI is defined as the ratio of a non-radial efficiency measure for reducing undesirable outputs to that for increasing desirable outputs. The proposed non-radial DEA approach has been applied to model the environmental performance of industrial sectors in different provinces of China from 1998 to 2009. It has been found that the static non-radial EPI has a higher discriminating power than the EPI derived from the non-radial undesirable outputs orientation DEA models. Our empirical results also show that the environmental performance of industrial sectors in China improves by 58% in 1998-2009 that is mainly driven by the technological change.
Introduction
China's rapid economic development in the past three decades was mainly attributed to energy and labor-intensive industrial sectors, which not only increased its carbon dioxide (CO 2 ) emissions but also caused serious environmental pollution [1] . Since the industrialization process is still far from being completed, China has to take effective measures to control its energy consumption by industrial sectors in order to achieve the national targets of decreasing energy and CO 2 emission intensities by 16% and 17% till 2015. Actually, the Ministry of Industry and Information Technology of China has proposed the target of decreasing the energy use and CO 2 emissions per unit of industrial value added in 2015 by 18% compared to that in 2010. Meanwhile, the comprehensive utilization rate of industrial solid waste needs to increase to 72%. Clearly, industrial sectors will inevitably play a significant role in promoting China to become a low-carbon, resourceconservation and environment-friendly society.
Measuring environmental performance has been widely advocated since it can provide quantitative information for environmental policy analysis and decision making [2] . In China, the industrial sector accounted for more than half of the main pollutants. Measuring China's industrial environmental performance can help to make environmental policy analysis in China more quantitative and empirically grounded. Since different provinces in China have different industrial structures and development patterns, the environmental performance of industrial sectors in China may vary significantly across different provinces. Assessing the industrial environmental performance of different provinces in China would shed insights on the scientific evaluation of the efforts made by regional governments in energy conservation and environmental protection.
The measurement of environmental performance is often in the form of an environmental performance index (EPI), which can be constructed by different weighting and aggregation techniques such as data envelopment analysis (DEA) [3] . DEA, DMUs. Suppose there are i = 1, 2, . . . , I decision making units (DMUs) that convert M inputs into N desirable outputs and J undesirable outputs. For DMU i , its input, desirable output and undesirable output vectors are respectively x i = (x i1 , . . . , x iM ), y i = (y i1 , . . . , y iN ) and q i = (q i1 , . . . , q iJ ). In the DEA framework, the environmental production technology can be formulated as 1 In addition to environmental DEA technology, undesirable outputs can also be incorporated by using a data translation approach [7] . The study by Hua et al. [11] provides an example along this line of research.
2 It is worth pointing out that the non-radial directional distance function described in [29] is capable of expanding desirable outputs and contracting undesirable outputs simultaneously, which might also be considered as a latest development in non-radial DEA.-.
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In Eq. (1), (λ 1 , . . . , λ I ) denotes the intensity levels at which the production activities are conducted by the I DMUs, and it provides the weights for constructing the piecewise linear production technology. As Eq. (1) is formulated in a DEA framework, S is also termed as an environmental DEA technology. Clearly, the environmental DEA technology S exhibits constant returns to scale. Other cases, e.g. the environmental DEA technologies exhibiting variant returns to scale, have been investigated by Zhou et al. [2] in the context of environmental performance measurement.
Static non-radial EPI
Within a joint production framework of desirable and undesirable outputs, an EPI may be defined as the degree to which the undesirable outputs can be reduced while not violating the restriction of environmental DEA technology. Mathematically, the DEA model for measuring the environmental performance of DMU 0 [12] can be formulated as
The optimal objective value of Eq. (2) may be referred to as a radial EPI since in Eq. (2) undesirable outputs are reduced at the same rate. On the basis of Eq. (2), researchers have developed a number of EPIs or different application contexts. A good example is [13] who derive a formal index number for measuring environmental performance.
Since a radial EPI has several limitations, e.g. it has weak discrimination power and cannot incorporate the decision makers' preference information, [17] extend Eq. (2) and propose the following non-radial DEA model for measuring environmental performance:
where w qj is a user-specified weight and represents the desirability degree of decision makers for adjusting undesirable output j. As [17] discussed, the damage costs or marginal abatement costs of undesirable outputs could be used to determine the weights used in Eq. (3). 
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Despite the usefulness of Eq. (3), it only accounts for the reduction in undesirable outputs. Färe et al. [13] show that considering the increase in desirable outputs and the decrease in undesirable outputs simultaneously in environmental performance measurement has some advantages. Although the study by Färe et al. [13] is based on the Shephard distance function, the resulting EPI is derived by solving a series of radial DEA models. In this paper, we extend [13] and propose a non-radial EPI by solving non-radial DEA models. In addition to Eq. (3), the derivation of the non-radial EPI still requires to solve the following desirable outputs orientation DEA model:
Following [13] , we define the non-radial EPI as the ratio of the efficiency measure for reducing undesirable outputs and that for increasing desirable outputs, which can be written as
Since Eq. (5) is mainly used for cross-sectional comparisons between various DMUs, here we term it as a static non-radial EPI (SNREI). Compared to Eqs. (3) and (5) seems to be more general and flexible in modeling environmental performance. For example, if two DMUs can reduce their undesirable outputs by the same rate while DMU 1 can increase its desirable outputs by a higher rate than DMU 2 , it implies that DMU 2 is more successful in producing desirable outputs with the same undesirable outputs. As such, DMU 2 has a higher EPI that is the case of Eq. (5).
Dynamic non-radial EPI
As mentioned in Section 2.2, SNREI is a static EPI that provides a basis for comparing the environmental performance of different DMUs during the same period of time. Since this study also aims to measure the dynamic changes in the environmental performance of industrial sectors in China, we here propose to use the non-radial Malmquist EPI developed in [17] for this purpose. In literature, the non-radial Malmquist productivity index has been developed by Chen [30] without considering undesirable outputs. Recently, [31] propose a Malmquist productivity index based on the double frontier DEA models. In this paper, the non-radial Malmquist EPI is referred to as dynamic non-radial EPI (DNREI) to be distinguished from SNREI.
Suppose that t 1 and t 2 refer to two periods of time (
radial environmental performance measure of DMU 0 based on its inputs/outputs at period r and for the environmental DEA technology at period s derived from Eq. (3). Then the DNREI is defined as follows:
can be used to measure the environmental performance change of DMU 0 from t 1 to t 2 . If it is greater than unity, it implies that the environmental performance of DMU 0 has improved during the period of time. If it is less than unity, it means that the environmental performance of DMU 0 has deteriorated. Furthermore, we follow [17, 3] to decompose DNREI t 2 t 1 (x 0 , y 0 , q 0 ) into two contributing components:
The first term on the right hand side of Eq. (7) is an efficiency change component that measures the change in the relative environmental performance of DMU 0 with regards to the frontier of best practice. The second term measures the shift of environmental DEA technology from t 1 to t 2 . 
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Empirical study

Data
We apply the non-radial DEA models described in Section 2 to model the static and dynamic environment performance of the industrial sectors in thirty provinces of China from 1998 to 2009. Two inputs used in this study are industrial labor force (ILF) and industrial energy consumption (IEC). The industrial value added is taken as the single desirable output. In the case of undesirable outputs, we choose industrial carbon dioxide (CO 2 ) emissions, industrial waste gas (IWG), industrial waste water (IWW) and industrial solid waste (ISW) for use. CO 2 is included as an undesirable output since it contributes to global warming and China government has formally declared the target of reducing CO 2 emissions per unit of GDP. The other three variables are included since they are main pollutants of industrial sectors and have significant environmental impacts.
The data on ILF, IWG, IWW and ISW are collected from various issues of China Statistic Yearbook [32] . The data on IEC are collected and compiled from various issues of China Energy Statistical Yearbook [33] . The data on industrial CO 2 emissions are calculated from the industrial energy consumption only for fossil fuel use. Table 1 shows the descriptive statistics of our collected data for the seven variables.
Static non-radial environmental performance analysis
We first use SNREI to evaluate the environmental performance of industrial sectors in different provinces of China from 1998 to 2009. The weights for different undesirable outputs are assumed to be equal to each other. Table 2 provides the results of NREI q and SNREI in 1999 and 2009 calculated by Eqs. (3) and (5) respectively. It is found that for a number of provinces the NREI q and SNREI values as well as the resulting ranking orders are different. For instance, in 2009, Shandong has a larger NREI q than Hubei, which implies that Shandong performs better in generating undesirable outputs. However, the SNREI value of Hubei is greater than that of Shandong since Hubei is more successful in producing desirable outputs given by Eq. (4). Therefore, SNREI is a more encompassing index since it accounts for both the increase in desirable outputs and the decrease in undesirable outputs simultaneously. Table 3 shows the SNREI value for thirty provinces in 2001-2009. It can be easily found that the SNREI ranking changed significantly during the period of time. The ranks for six provinces, namely Beijing, Hebei, Henan, Inner Mongolia, Jilin and Anhui, have improved, which could be explained by the fact that the economic outputs of these provinces have increased rapidly while their undesirable outputs kept growing slowly. In 2001-2009, the growth rates of industrial value added for Heibei, Inner Mongolia, Anhui and Henan were respectively 67%, 149%, 78% and 77.6%, higher than an average value of 62%. For Beijing and Jilin, though the industrial growth rates are a little lower than the average level, their undesirable outputs are much lower than most provinces. The index of industrial waste water and carbon emission for Beijing even decrease by 59% and 39% during this period.
On the contrary, the SNREI ranks for six other provinces, namely Heilongjiang, Zhejiang, Fujian, Yunnan, Shaanxi and Xinjiang, decreased significantly. We find that the growth rates of industrial value added for all of them but Shaanxi are lower than the average value. For Fujian and Yunnan, their carbon emissions grow by 225% and 222%, which are much higher than the average level of 110%. The economy of Yunnan was behind other provinces. In order to boost economic growth, the local government accelerated the development of heavy chemical industries, like the iron and steel industry, chemical industry, coal industry and thermal power during the periods of Tenth and Eleventh Five-Year Plan. Though the industrial development promotes economic growth, it also aggravates undesirable outputs, like industrial waste water and carbon emission which leads to the deterioration of their environmental performance.
We further study the static environmental performance of industrial sectors in four economic regions namely East, Central, West and Northeast regions. As shown in Fig. 1 , the East region performs the best while the West region is the worst, which could be explained by their discrepancy in the level of economic development. It implies that the Chinese government should strive to improve the environmental performance of the East and Central regions in order to improve the environmental performance of industrial sectors throughout the country. Fig. 2 shows the trend in the average SNREI values of the thirty provinces. Obviously, industrial sector in China as a whole shows a positive shift in environmental performance overtime. It is likely due to the fact that effective measures 6 of environmental protection have been taken by Chinese government. For example, industrial environment performance has been considered as an important criterion in the assessment of regional governments which force them to deal with environmental issues more seriously. Besides, the adjustment of economic and energy structures has also made a contribution to the positive shift of industrial environmental performance.
F.Y. Meng et al. / Mathematical and Computer Modelling ( ) -
Dynamic non-radial environmental performance analysis
To measure the dynamic changes in the environmental performance of industrial sectors in China, we further employ Eqs. (3) and (6) to compute DNREI. In the calculation process, there are some infeasible mix-period linear programming problems since not all of the input and output observations in a certain period can be enveloped by the production frontier constructed from the observations in another period. To solve this problem, [14] proposed a three-year window method by constructing the environmental DEA technology in period t using the observations in period t, t − 1 and t − 2. In our study, we follow the procedure used by Färe et al. [14] to compute the DNREI values for each province from 1998/1999 to 2008/2009. Table 4 shows the results obtained. It can be observed from Table 4 that most provinces experienced a change for each consecutive two-year period. Some provinces, such as Zhejiang and Guangdong, remain DNREI values greater than 1 for each consecutive two-year period. To examine the driving forces behind the change in environmental performance of different provinces, we use Eq. (7) to decompose DNREI into its two contributing components, namely efficiency change (ECH) and technological change (TCH). We further calculate the geometric mean of DNREI and its components for each of the four regions. Fig. 3 shows the result   8 Table 5 . As a whole, we find that the environmental performance of industrial sectors in China improves by 58% in 1998-2009. Not surprisingly, technological change contributes to the improvement of environmental performance positively. On the other hand, the efficiency change component is less than unity and plays a negative role in improving the environmental performance. A possible explanation is that the discrepancy between the industrial sectors in different provinces becomes larger so that most of them become further from the frontier of best practice. 
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Conclusion
Global awareness on environmental problems has created much interest in analyzing environmental performance. Most of the previous studies only account for the reduction in undesirable outputs in modeling environmental performance. In this paper, we develop a static non-radial environmental performance index called SNREI, which considers both the reduction in undesirable outputs and the expansion of desirable outputs simultaneously. A dynamic non-radial environmental performance index is also introduced to measure the dynamic changes in environmental performance over time. The two environmental performance indexes can be derived by solving a series of non-radial DEA models.
The proposed non-radial approach has also been applied to model the environmental performance of industrial sectors in different provinces from 1998 to 2009. It is found that SNREI has a higher discriminating power in modeling environmental performance compared to the undesirable outputs orientation non-radial DEA models. Our empirical results also show that the environmental performance of industrial sectors in China as a whole improves by 58% from 1998 to 2009, which is mainly attributed to technological change.
Our empirical results have some policy implications. First, the proposed indexes, i.e. SNREI and DNREI, are useful for the Chinese government to build an evaluation system of environmental performance of the industrial sectors at province or even lower levels. Second, the Chinese government should pay more attention to the western region and promote interregional exchanges in order to reduce the gap of environment performance between different regions. Third, given that there exists an imbalance between technological change and efficiency change in improving the dynamic environmental performance, the local government may strengthen the management and supervision of industrial sectors, improve regulation rules and encourage citizens to adopt green and low energy consumption lifestyles. Meanwhile, the whole country should continue to promote technological progress.
Since this study takes equal weights for use in calculating the EPIs, further research may be carried out to use different weight settings to examine how SNREI and DNREI values are affected by the weights. Given data availability, it is also possible to employ the methodology described in this paper to model China's industrial environmental performance at lower levels, which may provide more insights for China to build an environment-friendly society.
